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Abstract 
Trends towards miniaturizing the electronics devices and to increase the computational capability has driven the 
modern microelectronics industry toa state where efficient thermal management issue has become the most 
challenging and in some case limiting parameter for the further development of these devices. Research is going on 
around the globe to address this challenge and to come up with a solution that is economically viable and user level 
applicable to meet not only the current issue but also to address the forth coming heat removal challenges where 
1000 W/cm2 seems to be a feasible target specially for the defense related electronics. Exploiting high surface area 
to volume ratio and high latent heat of vaporization, flow boiling in microchannel possesses the highest 
opportunityto meet this challenge; although boiling instability and pressure fluctuation limit its implementation in 
any practical devices. To harness the full potential of flow boiling in microchannel, new schemes need to be 
implemented to control the boiling characteristics. This paper presents one active (implementation of synthetic jet in 
microchannel) and one passive (surface morphology modification with nanostructures) flow boiling control 
mechanism which can be implemented easily and can tune all the boiling performance parameters positively. Flow 
boiling in microchannel with reliable control mechanism could be the solution for the next generationthermal 
management challenges arising from the microelectronics industry.  
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1. Introduction 
The challenge of heat removal is very prevalent in nature and usually crucial in many engineering applications. 
With the advance of the modern micro-electronics industry, efficient removal of ever increasing heat flux has 
become a major challenge for the thermal engineers. Heat flux of several electronics devices have already reached 
100 W/cm2[1], which once was thought to be too high. The trends to miniaturize the electronic devices and to 
increase packaging density are increasing very fast specially for the defense equipment related electronics, i.e. radar, 
laser weapons, etc. where 1000 W/cm2 becomes a reasonable heat removal target [2], which exceeds capability of 
the most advanced cooling solutions. To keep pace with the current growth trend of the microelectronics devices, 
efficient, reliable and user level applicable thermal management solution is necessary which is capable of dissipating 
large amount of heat load from a nanometer size chip with surface temperature less than a prescribed value; i.e. 
125oC for defense application [3] and less than 100oC for general microelectronics.   
Microchannel heat sink introduced in early 1980s by Tuckerman and Pease [4] can enhance single-phase heat 
transfer rate significantly compared to the conventional channel by increasing surface area to volume ratio and 
reducing convective heat transfer thermal resistance. However dissipation of increased heating load in single-phase 
convective flow in microchannel is limited by its cost, high pressure drop and high temperature gradient along the 
flow direction and sometimes become impractical to implement. Flow boiling in microchannel has shown great 
potential for the removal of high heat flux in the thermal management of the high power density electronics; it is also 
capable of handling dynamic and transient thermal load. However, flow boiling in microchannel is different from 
that of the conventional size channel [5]. Constrained by the channel walls, bubble growth for the microchannel is 
limited in the longitudinal direction, hence it grows rapidly both upstream and downstream. As a result, rapid bubble 
growth causes flow reversals, oscillations of fluid flow and system pressure. These instabilities are undesirable as 
they may cause problems of system control and in extreme circumstances may cause premature critical heat flux to 
burn out the devices. All types of instabilities; i.e. excursion instability, density wave instability, pressure drop 
instability and parallel channel instability, etc. [6] are undesirable and need to eliminated. 
To eliminate the unwanted flow boiling instability several attempts have been made so far mainly by introducing 
upstream throttling; i.e. Qu and Mudawar [7] used inlet throttling valve to eliminate the severe pressure drop 
oscillation, Kandlikar et al. [8] placed inlet restrictor and artificial nucleation sites, similarly, Kosar et al. [9] 
introduced micro fabricated inlet orifices; however throttling results in very large pressure drop. Other methods that 
can affect generation, expansion and condensation of bubbles in microchannel may also have the effects on 
stabilizing flow instabilities. This paper presents two new schemes which can be employed easily inside the 
microchannel to suppress or delay the boiling instability, at the same time can enhance other boiling performance 
parameters, i.e. reduction of surface superheat temperature for the onset of nucleation, and enhanced two-phase heat 
transfer coefficient (HTC). These schemes include surface morphology modifications with nanostructures which is a 
passive method and introduce synthetic jet inside the microchannel which acts as an active method to control flow 
boiling characteristics. 
Surface morphology influences boiling performance very significantly. With the advent of modern ultra-fine 
manufacturing technology, it is now possible to control the surface morphology with nanometer scale precision. 
Surface morphology modifications with nanostructures may increase favorable nucleation sites density and at the 
same time surface wicking behavior also improved. Favorable nucleation site decrease boiling incipience 
temperature and wicking characteristics facilitate delivery of cool liquid to the dry out region instantly and thus 
delays critical heat flux. Previously surface morphology was modified with nanostructures, i.e. Si or Cu nanowires 
[10] or Cu nanorods [11] or carbon nanotubes [12] to enhance the pool boiling performance and encouraging results 
are observed. Like pool boiling, flow boiling can be controlled with the nanostructures. Efforts has been observed to 
use Carbon nanotubes [13], copper nanowires [14] and silicon nanopillers [15] to enhance single-phase convective 
flow inside microchannel. To enhance two-phase convective flow Carbon nanotubes [16] and CuNWs [17] also used 
previously; however the results are not totally conclusive. Besides nanostructured surfaces can serve multi-purpose 
objectives, i.e. Nanocomposite coating can enhance surface mechanical properties along with the boiling 
performance enhancement. 
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Synthetic jet is an active method to control the flow boiling characteristics. Unlike other active heat transfer 
enhancement technique, i.e. vibrating surface, stirring fluid etc. [18], synthetic jet can be easily extended to the 
microchannel applications. Synthetic jet has been studied extensively for the active flow control applications like jet 
vortices [19], control of lift and drug of airfoils [20], etc. The basic idea is to utilize the flow control aspect of the 
synthetic jet and use of the pulsating motion to break the elongating bubble by facilitating condensation. The 
formation and characterization of synthetic jets are well documented [19]. A unique feature of synthetic jets is that 
they are zero-net-mass-flux in nature and thus eliminating the need for additional piping and complex fluidic 
packaging. The other feature is that the jets strength and frequency can be adjusted by controlling the jet actuator 
driving signals. For thermal management application, several studies [17–19] investigated the effects of synthetic 
jets interacting with preexisting single-phase flow. It shows that the synthetic jet can be used to enhance the 
microchannel heat transfer performance by introducing turbulence into the channel flow, and modifying the flow 
field [21]. This strategy has rarely been studied in two-phase flow.  
This paper highlights the synthetic jet and surface morphology modification (active and passive control method) 
effect on two-phase convective flow inside microchannel. A successful scheme to stabilize or delay the flow boiling 
instability with enhanced heat transfer performance will enhance its usability and make possible ultra compact heat 
sink design for ultra high heat flux electronic devices.  
2. Experimental Facilities 
The experimental setup used to conduct the experiments consists of a water supply loop, a microchannel test 
section and a data acquisition system. A signal generation system for driving the jet actuator was also used for the 
synthetic jet integration experiment. 
 
2.1 Water Flow Loop 
The test loop was an open loop configuration as presented in Fig. 1. From an inlet reservoir DI water was pumped 
to the test section by a gear pump (ISMATEC®  Regol-z digital) which was equipped with a digital flow meter 
which was calibrated by the bucket and stopwatch method. A minimodule®  de-gasifier was used in the flow loop to 
remove dissolved gases from the fluid before it enters the test section. To ensure constant inlet fluid temperature a 
heat exchanger, connected with a constant temperature thermal bath, was placed just before the test section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1    Schematic diagram of the experimental setup 
2.2 Test Section 
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The Test sections used for the experimental investigations are presented in Fig.2. The Test sections were 
consisted of cover plates, housing, a microchannel heat sink, a cartridge heater and insulation blocks. The 
microchannel heat sink is fabricated on a single copper block made from oxygen-free Cu block, the cover plate, 
housing block and the bottom plate were made of high temperature polycarbonate plastic, and the insulating block 
was made out of ceramic material. 
 
 
 
 
Fig.2 Schematics of the test section. (a) exploded view of the test section used for synthetic jet experiment. (b) 
exploded view of the test section used for surface morphology modification test. (c) Sectional view of the test 
section. 
 
For the synthetic jet experiment, five parallel rectangular channels are machined into the top surface. Each 
channel has a dimension of 500 μm (width) × 500 μm (depth) × 26 mm (length) and the synthetic jet is formed by an 
array of jet orifices drilled through the bottom of the top cover plate (Fig. 2). All of orifices have the same diameter 
of 100 μm and arranged into a pattern of five rows and eight columns. Due to available sample preparation facilities, 
size of the microchannel was different for the surface morphology modification experiment. A flat microchannel was 
formed by inserting the top surface of the Cu block into the cavity of the housing block (a 360 μm (depth) × 5 mm 
(width) × 26 mm micro-channel is formed). 3 mm below the top surface, holes with diameter of 0.85 mm are drilled 
into the side wall up to the half width of the copper block to accommodate type-K thermocouples. A 100W cartridge 
heater was inserted into the hole of the Cu block to provide heat to the microchannel. Thermal resistance between 
heater surface and the Cu block was minimized applying a thermal compound (Artic Silver® 5) on top of the heater 
surface. The heater was powered by a DC power supply. 
 
2.3 Data Acquisition  
Thermocouples were inserted into the holes of the Cu block. Surface temperatures of Cu were determined from 
the temperature readings of these thermocouples. Inlet and outlet temperatures were also measured to calculate the 
heat carried by the flowing fluid. Two pressure transducers (Omegadyne PX 309) were also connected with the inlet 
and outlet plenum to measure the absolute pressure. A NI compact DAQ-9172 data acquisition system and 
LabVIEW program were used to record all pressure and temperature data. 
 
(a) (b) 
(c) 
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2.4 Flow Visualization System 
 A high speed CCD camera (Phantom v7.3) with microlens is used for the flow boiling visualization. At 800×600 
resolutions, the camera has a maximum frequency of 6688 frames-per-second. 
 
3. Experimental Procedure and Data Processing 
 
3.1 Experimental Procedure 
To perform the experiment, the test section was assembled and connected in the flow loop. Inlet temperature was 
adjusted and the pump was set to run at a desired flow rate. Once the flow rate and inlet temperature were stabilized, 
a predetermined level of power was supplied to the heater. Temperature and pressure of the test section were 
monitored until it reached steady state. Once the system is in steady state, temperature, pressure and input power 
data were recorded and the power was increased at a step of ~5V. The experiment was carried out for a fixed flow 
rate and with different input power until the system reaches critical heat flux condition.  
 
3.2 Data Reduction 
For the single-phase and sub-cooled two-phase heat transfer, the steady-state sensible heat gain Q by the coolant 
can be determined from an energy balance: 
 
Q = ρCp(Tin– Tout)Q (1) 
 
Where, Qis the volumetric flow rate (measured from the pump control panel), density (ρ) and specific heat (Cp) 
have been obtained using fluid mean temperature (Tm). 
 
Tm = (Tin + Tout)/2 
 
In this experiment, voltage (V) and current (I) were measured directly from the power supply and input power 
(Qin) to the cartridge heater was calculated. 
 
Qin = V.I   (2) 
 
Depending on the flow rate, 80 ~90 % of the input power was carried by the flowing water. Heat losses from the 
experimental setup have been calculated by subtracting the energy gained by the water from the total electrical 
power input. 
 
Qloss = Pin – QρCp (Tin-Tout) (3) 
 
Effective heat flux was calculated using 
 
qeff = (Pin-Qloss)/At (4) 
 
Where, At is heat transfer area (26 mm × 5 mm for the flat microchannel and 26 mm × 5.5 mm for the parallel 
microchannel). For boiling with saturation exit, qeff was calculated using Qloss of the single-phase liquid exit. 
 
Surface temperature of the heat sink were estimated from 1D steady state conduction equation coupled with the 
thermocouple’s reading (thermocouples were inserted into the copper block). 
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Ti,s = Ti –Q.t/Kcu.At (5) 
 
Where, Ti,s is the surface temperature at different locations, Tiis the corresponding thermocouple reading, Kcuis 
the thermal conductivity of the copper block (391 W/m.K), t is the distance between thermocouple position and top 
surface ( 3 mm). 
 
Average surface temperature and effective heat flux has been calculated using 
 
Ts = (T1,s + T2,s ….+ Tn,s )/n  (6) 
 
Average single-phase heat transfer coefficient was calculated using: 
 
hsp = qeff/ (Ts-Tm) (7) 
 
Once fluid reaches saturated condition at the exit, microchannel can be divided into two regions: upstream 
subcooled region and downstream saturated region and location of the zero thermodynamic equilibrium quality 
marks the dividing point [22]. Length of these two regions was evaluated using: 
 
L*sub=Lsub/L = mCp (Tsat-Tin)/ (Pin-Qloss)          (8) 
 
L*sat = 1-L*sub 
 
Fluid temperature of the channel was calculated using: 
 
Tf = (Tin+Tout)/2  (if L*sub ≥1) 
Tf = (Tin+Tsat)/2 × L*sub + Tsat × L*sat (if L*sub<1) (9) 
Average two-phase heat transfer coefficient was calculated using: 
htp = qeff/ (Ts-Tf) (10) 
 
3.3 Uncertainty Analysis 
Uncertainties associated with the instruments were: flow rate ±0.02%, current±0.06%, voltage ±0.15%, local 
temperature ± 0.5oC and differential pressure ± 0.25%. Uncertainty propagation in the calculated value was 
computed by Kline andMcClintock method [23]:.Uncertainties in the mass velocity and effective heat flux are 
calculated as ±3.4%, ±5~17% depending on the flow conditions. 
 
4. Results and Discussion 
4.1 Effect of Synthetic Jet 
To examine the effect of the synthetic jet, a unimorphtype piezoelectric actuator is employed as the activepart of 
the synthetic jet actuator and placed over the orifice arrays. The resonance frequency of the actuator itself is 2.6 
kHz. To operate the synthetic jet a signal generation system is designed to supply sinusoidalsignal to drive the 
piezoelectric actuator. It includes a directdigital synthesis function generator (BK Precision model4007DDS) and a 
wide band power amplifier (Krohn-Hite model 7602M).  
Microchannel used in heat transfer application generally operates in the laminar region. As we already know, 
heat transfer in laminar flow is much lower compared to the turbulent flow due to lower mixing of cold and hot fluid 
and thicker boundary layer. Heat transfer rate also varies significantly between developed flow and developing flow 
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region.In the developing flow region thermal boundary layer is much thinner.As a result, steep temperaturegradients 
are created and heat transfer rate is improved. Operation of synthetic jet sucks working fluid into the jet 
cavitythrough the orifices and then rapidly expelled out and thus modifies the channel flow fieldsnear the jet 
orifices. Those micro jets penetrate themain microchannel stream and impinge on the heated channel wall,thus the 
thermal boundary layer near the wall gets much thinner.As a result, steep temperature gradients are created at the 
heatedchannel wall and heat transfer rate is improved accordingly. Fig. 3 establishes that fact; heat transfer rates get 
enhanced with the synthetic jet. It is also to mention that the channel flow rates play an importantrole on the thermal 
performance of the synthetic jets. For instance, when the channel flow Reynolds number is at 96, theheat transfer 
coefficient is enhanced by ~138% compared to the channel without synthetic jet. While for the channel flow 
Reynolds number at 467,the heat transfer augmentation is ~55%.As illustrated inFig. 3, there is a rapid decrease of 
the enhancement with increasing Reynolds number and it is mainly attributed to that the jet-to-channelstream 
momentum ratiodecreases rapidlyas channel flow rate increasing. 
 
 
Fig. 3 : Effect of syntheticjet on microchannel heat transfer in single-phase flow 
It is expected that changing the jet strength by changing the input voltage will change their ability to affect the 
heat transfer performance in microchannels. Generally, stronger jets will introduce intense disturbance into the 
channel flow stream, thus the degree of heat transfer enhancements can be adjusted by controlling the synthetic jets 
strength as also illustrated in Fig. 3. A mathematical model was developed and numerically solved using FLUENT to 
understand different parameters inside the microchannel due to flow modifications. Though the above analysis, it 
can be seen that the synthetic jet periodically interrupts the micro-channel flow and breaks up the developing thermal 
and hydrodynamic boundary layers at the heated channel wall. This cross-flow interaction creates steep velocity and 
temperature gradients at the heated surface as long as jet impingement occurs. This pulsating low mechanism 
therefore leads to improved thermal performances in the hybrid cooling scheme of micro-channel and synthetic jet. 
Jet affected length over a full cycle can be also estimated; the time-averaged local Nusselt number is plotted against 
the channel length and compared with the baseline value, as shown in Fig. 4. For this specific operating condition, 
the most effectively affected length is around 5 mm down from the jet orifice. 
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In microchannel, as the heat flux increases surface temperature of the channel also increases linearly and at 
an elevated heat flux there is high temperature gradient in the axial direction. Depending on the fluid inlet 
temperature, a portion of the microchannel will have single phase flow and then the boiling is initiated from the 
downstream region. Operation of the synthetic jet in this early stage of boiling mainly contributes to the flow field 
modification in the channel which contributes to the overall heat transfer coefficient enhancement. Synthetic jet also 
has predominant effect on the bubble dynamics during nucleate boiling.  
Due to operation of the synthetic jet, the channel pressure field is changed in a periodic manner, and net 
momentum is introduced into the channel flow and thus forces balancing between the surface tension, inertia force, 
and the net force due to the evaporation momentum are changed.The jet introduced momentum may help to push the 
nucleating bubble to downstream during the expelling stroke, and attract the bubble to upstream during the suction 
stroke. In either way, it causes the bubble detaching at a different rate and thus bubble nucleation rate also increases. 
As a result, heat transfer rate increases in two-phase region as can be seen in Fig. 5. 
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Fig. 4 : (a) temperature field variation along the channel length (b) time-averaged local Nusselt number with synthetic jet (c) Time-lapsed 
temperature derivatives over z at the channel bottom wall for one cycle. 
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19 Jamil A. Khan et al. /  Procedia Engineering  90 ( 2014 )  11 – 24 
 
(a)                                                                               (b) 
Fig. 5 : (a) Boiling curve with synthetic jet operation  (b) effect of the synthetic jet on two-phase heat transfer coefficient. 
   As the heat flux increases nucleation sites density and bubble growth rates also increases. Bubble grows and 
merge with each other before they are swept away by the flowing liquid. As the bubble growth constrained by the 
side wall only allowed growing in upstream and downstream directions only, this blocks further liquid to cool the 
heated region and thus triggers the critical heat flux.  
 
(a)                                                               (b) 
Fig. 6: Mechanism of using synthetic jets to suppress flow boiling instabilities: (a) Bubble collapse during the discharge stroke; (b) Bubble 
collapse during the suction stroke. 
 
Operation of the synthetic jet can break the elongating bubbles by two distinct physical phenomena. During 
the ejection stroke of each cycle relatively cold fluid (due to mixing of upstream and downstream fluid inside the jet 
cavity) impinges on the bubble to collapse it (as can be seen in Fig. 6(a)). Again during the suction stroke as shown 
in Fig. 6(b), bubbles can be sucked into the jet cavity and mixes with the upstream relatively cold liquid and 
condensed.Synthetic jet strength and its operation frequency both affect the boiling instability. With the increase of 
frequency critical heat flux increases as can be seen from Fig. 5. Jet location, Jet orifice size, Jet Strength and Jet 
Frequency; all these parameters affect instability mitigate mechanism and thus need to be optimized depending the 
cooling liquid, geometric dimension of the channel and liquid velocity. 
 
4.2 Effect of Surface Modification with Nanostructures 
Surface roughness can enhance convective heat transfer in single-phase microchannel flow [24]. To explore 
the effect of the nanostrucutres, surface morphology of the microchannel was modified with copper nanowires 
(CuNWs) and Cu-Al2O3 nanocomposite. Template based electrochemical synthesis technique [25] was used to 
synthesis CuNWs on the top surface of the Cu block.The Cu-Al2O3 nanocomposite coating was developed on the 
top surface of the copper heat sink using electrocodeposition technique [26]. 
 
 
(a)                                               (b)                                                     (c) 
Fig. 7.Scanning electron microscopy (SEM) graphs of (a) top view of bare Cu surface (b)  top view of Cu nanowires (c) top view of the Cu-Al2O3 
nanocomposite coating 
 
Scanning electron microscopy (FEI Quanta 200 SEM)was used tocharacterize surface morphology of 
themodified surfaces and compared with the bare Cu surface. Fig. 7presents the topview of the bare Cu surface, 
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CuNWs coated surface and CuAl2O3 nanocomposite coatedsurface. Micro scale surface roughnessand different 
micro size surface cavity developed on the coppersurface due to the coating which facilitates nucleation. 
Nanostrucutre coated surface is expected to be more effective in boiling heat transfer, albeit its effect on single-
phase flow is also encouraging. CuNWs coated surface was investigated in single-phase flow. Heat transfer rate 
increases for the nanowires coated surface compare to the bare surface as indicated in Fig.8. However, the effect 
becomes less significant with the increase of Reynolds number. This enhancement plausibly attributed to the fin 
effect of the naostrucutred surfaces; and with the increase of Reynolds number heat transfer coefficient of the 
channel increases. According to the conventional fin theory, fin effectiveness reduces as the heat transfer 
coefficientincreases.  
 
 
Although nanostructures coated surface have considerable positive effect in single-phase flow but its real 
impact can be observed in two-phase flow. Two phase flow is mostly characterized with threeparameters: surface 
superheat temperature required for the onsetof bubble nucleation (ONB), two-phase heat transfer coefficient(HTC), 
and critical heat flux (CHF) or onset of unstable boiling (OUB). Nanostructures coated surface can influence all of 
these parameters. Fig. 9 presents the boiling curves and two-phase heat transfer coefficient for the naostrucutred 
surfaces compared with that of the bare surface.  
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Fig. 8 : Effect of CuNWs Coating on Single-phase heat transfer in microchannel 
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As can be seen from the Fig.9, in the single-phase zone, surface temperature rises almostlinearly with the heat 
flux and single-phase HTC is slightly higher forthe naostructured surfaces compared to the bare surface. Once the 
boiling initiates,most of the heat is carried by the coolant utilizing latent hat ofvaporization instead of single-phase 
sensible heat gain; as a result slope of the boiling curvestarts to be steeper from the boiling incipient point which 
indicatesa sharp rise in HTC. Boiling starts or bubble nucleates generallyfrom the artificial or natural cavity presents 
on the boiling surface;comparatively large size cavity becomes active earlier than smallersize cavity [18]. 
Nanostrucutre coated surface has larger cavitycompared to the bare surface as can be seen in Fig. 7; as a 
resultbubble nucleates earlier for the naostructured surface. For the experimental condition, boiling was observed to 
initiate 3 to 8oC earlier for the coated surface compared to the bare surface and nanostructures coated surface was 8 
to 12 oC cooler than the bare surface during the entire boiling experiment.  
Two-phaseHTC has been found significantly higher for the coated surfacecompared to the bare surface as can 
be seen in Fig. 9 (d).Depending on the surface temperature, flow rate and coating type, ~30% to ~120% 
enhancement in two-phase HTC was observed. This enhancement in two-phase HTC is attributed tothe surface 
morphological modifications and two-phase flowpattern inside the channel.At comparatively low heat flux bubbles 
initiate on the solidsurface, grow and are lifted off by the flowing liquid and condenseimmediately in the sub-cooled 
liquid; in this nucleate boiling regime, increased nucleation site density plausibly cause the enhancementin two-
phase HTC. This nucleate boiling regime doesn’t last long in micro channel due space constrained in the lateral 
direction. At high heat flux bubbles grows very quickly and merge with each other before they are swept away. As 
these larger vapour bubblesare confined between side walls, theyform an elongated vapour slug which grows in both 
upstream and downstream directions and is flushed out by the liquid. These cyclesrepeat and with the increase of the 
heat flux the frequency of thisvapour slug increases. This pulsating elongated bubbly flow regimeis found to 
dominate in the flow boiling of this channel. In the elongatedbubble regime a thin liquid film exists at the bottom of 
the bubble;transient evaporation of this thin liquid film is identified as thedominant heat transfer mechanism of this 
regime [19]. Evaporationrate increases for the naostructured surface compared to the baresurface [20]; additionally 
the structured surface facilitates betterliquid transport to the evaporation site utilizing enhanced surfacecapillarity. 
All these effects cause better HTC for the naostrucutred surfaces.With the increase of inlet temperature, nucleation 
sites become active earlier, resulting in a decrease of boiling incipient temperature, having high density favourable 
nucleation sites, naostrucutred surfaces become more effective with the increase of inlet temperature. 
Fig. 9 : Boiling Curve for the (a) CuNWs coated surface compared to the  bare surface; (b) Cu-Al2O3 nanocomposite coated surface 
compared to bare surface (c) Effect of inlet temperature on boiling Curve. (d) two-phase heat transfer coefficient for the Cu-Al2O3 
nanocomposite coated surface compared to the bare surface  
 
(c)              (d) 
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Fig. 10. Critical heat flux for different mass flow rate. 
 
Another important consideration for the flow boiling performanceis the critical heat flux (CHF). CHF indicates 
maximum heatflux that can be handled with the operating parameters. In manycases of the microchannel 
experiment, immature CHF is triggered by the vapour backflow [8]. Immature CHF has been minimized inthis study 
by introducing a flow restrictor in the inlet port and byreducing the flexible hose size of the outlet. CHF in a 
microchanneltakes place due to local dry out and it increases with the mass flowrate. Fig. 10 presents critical heat 
flux obtained for different massflow rates for the Cu-Al2O3nanocomposite coating. As can be seen from Fig. 10, 
CHF increases for the coated surface compared to thebare surface; in this study upto 55% enhancement in theCHF 
has been observed for the coated surface. Plausible reason ofthis enhancement is related with the surface wettability 
and wicking characteristics.Nanocomposite coating increases the surface wettabilitywhich expedites spreading of 
the liquid to the dry out region as illustrated in Fig. 11,resulting in increased CHF.  
 
 
 
4.3 Other Methods for Controlling Two-phase flow in Microchannel: 
Several other techniques also have been applied so far for the enhancement of single-phase flow in 
microchannel which includes both passive and active techniques. Passive techniques include surface roughness, 
flow disruptions, pin fins, offset-strip fins, channel curvature, re-entrant, obstructions, secondary flows, out-of-plane 
mixing, and nanofluids; among the active techniques vibration of side walls, electrostatic fields, flow pulsation, and 
variable roughness structures have been also used. Some of these techniques also have been used for the two-phase 
flow in microchannel and mixed results have been observed; i.e. Nanofluids have been studied and modest 
improvements have been observed but deposition of particles and thereby channel clogging limits its application. 
dryout region 
heat flux 
vapor bubble 
bubble elongates 
liquid supply to the 
dry out region 
liquid in 
Bubble departure 
Fig. 11 : CHF enhancement mechanism for the naostrucutred surfaces 
23 Jamil A. Khan et al. /  Procedia Engineering  90 ( 2014 )  11 – 24 
 
Active oscillatory mass flow controller to reduce the flow oscillations was proposed by Zhang et al [27]. Application 
of micropin fin array can enhance two-phase CHF but the cost of pressure drop limits its application, Surface 
modifications with re-entrant cavities can also meet the demand of boiling performance improvement. 
 
5. Conclusions 
Two-phase microchannel cooling with reliability and enhanced performance is an important and viable means 
to mitigate the forthcoming heat removal challenges. To ensure the reliable operation and to harness the full 
potential of two-phase microchannel cooling, inoovativeschemes are necessary which can control the system 
behaviour and at the same time can enhance heat transfer rate and CHF. In this paper two promising and 
representative active and passive techniqueshas been explored and their thermo-hydraulic benefits have been 
discussed.  
Synthetic jet is a very promising dynamic control technique which can control the oscillatory behaviour where 
reliable operation is of critical importance. However synthetic jet is also very effective in enhancing both single-
phase and two-phase heat transfer by introducing turbulence and modifications of bubble dynamics inside the 
microchannel. With the oscillatory motion of the synthetic jet, bubble expansion characteristics also changes to 
enhance CHF. Synthetic jet is very effective in microchannel heat transfer but its effect become more profound to 
address local hot spots and transient heat load. 
 Surface morphology modification with nanostructures is a very effective passive technique. Application of 
precisely designed nanocoating can alter surface properties to suit boiling performance improvement. Reduction in 
boiling incipient temperature, increase in boiling heat transfer coefficient and also increase in CHF also are observed 
for the nanocoated surface. Reliable and economically justifiable nanocoating that can be applied inside the 
microchannel wall will be keep exploring to bring a paradigm shift in two-phase microchannel cooling. 
Two-phase microchannel with reliable active and passive control techniques can be successfully employed to 
dissipate a large heat load from a very limited space and help sustain the exponential growth of the modern 
microelectronics innovation. 
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